To reveal factors relevant in controlling stream temperatures in summer season in the Tama River, field measurement, water and heat budget analysis as well as model development were performed in this study. Detailed information on water temperature, flow rate, meteorological variables as well as water-sediment heat flux was obtained through the intensive field measurement. Water and heat budgets analysis indicated that the wastewater effluents contributed to mitigate stream temperature at one middle stream site. A 1-D dynamic model for river flow and heat transport was developed, taking the effect of groundwater-stream water interaction processes and wastewater effluents into accounts. We concluded that the current stream temperature regime in the Tama River downstream reaches is maintained by the heat dispersion in the riverbed sediment and also the effluents of treated wastewater.
INTRODUCTION
Water temperature has both economic and ecological significances when considering issues such as water quality and biotic conditions 1) . Most aquatic organisms, particularly fish, have specific temperature preferences. If the stream temperature rises above an upper threshold, biological processes such as growth or reproduction, or even survival itself, are expected to decline or cease. Besides, water temperature controls the rate of decomposition of organic matter, dissolved oxygen content, and chemical reactions in general 2) . It is therefore essential to have a better understanding of thermal behavior of river systems under different hydrological conditions and levels of human impact.
The temperature of river water is fundamentally dependent on both natural and anthropogenic energy exchange processes (Fig. 1) . Natural processes include heat exchanges across the water surface and streambed, as well as heat advection from tributaries and groundwater flows. Stream temperatures have also been monitored in order to evaluate the impact of anthropogenic activities. Kinouchi et al. 3) found that the stream temperatures increased in winter and early spring at a rate of 0.11-0.21 o C/year in the Tokyo area, with the increase being attributed to the thermal effluents of urban wastewater. Other anthropogenic factors that affect stream temperature have been studied including water diversions, regional land-use alteration and climate change 1) . Although many studies have focused on stream temperature prediction using heat budgets, few have actually used in-stream data by field measurement nor investigated stream temperature variations and heat budgets under anthropogenic influences. As such, in this study, a field measurement conducted within the river environment was firstly described, and then the water and heat budgets analysis was conducted to quantify the impacts of each energy component on stream temperature. Finally, a 1-D dynamic model for river flow and heat transport was developed and applied to evaluate the impacts of wastewater and groundwater on stream temperature.
River watershed has an approximate basin area of 1240 km 2 and total mainstream length of 138 km. The downstream part is located in one of the most flourishing urban areas in the world, which results in considerable anthropogenic influences on the streams, such as the effluents from wastewater treatment plants (WWTPs) and water withdrawal. 
METHODOLOGY (1) Field measurement
An intensive field measurement was conducted from 10:00 Aug. 2 to 16:00 Aug. 3, 2012 . The measurement data consist of water temperatures, flow rates and meteorological variables. Meteorological stations were installed within the stream environment in the downstream reach (Met. site in Fig. 2 ) to monitor the air temperature, relative humidity, wind speed, upward and downward shortwave radiations, and upward and downward longwave radiations. Besides, the water-streambed heat conduction, stream flow rate, and the temperatures of stream and hyporheic (25cm-depth from riverbed-stream interface) water at Met. site were measured simultaneously. All climate sensors were recorded every minute. The flow rate at six mainstream sites (including Met.) and one tributary site were calculated based on the measured water depth and flow velocity (at 60% of the water depth) at equal intervals (every 1, 1.5 or 2 meters) along the width at each cross section.
Water temperature measurements were conducted at seven sites along the mainstream (except for Met.) and one in tributary stream from 0:00 Aug. 2 to 0:00 Aug. 7, 2012, with an interval of 10 minutes. Sensors were installed approximately 0.5-1 m (in the middle of the water depth) below the water surface in the main flow.
(2) Water and heat budgets
To quantify the components that influence stream temperature, the water and heat budgets were conducted using field measurement data 4) . A general description of water budget for a river reach is given as pressure at the water surface temperature (hPa), e a is the vapor pressure of the air (hPa) and Wftn is the wind speed function (m/hPa/day).
(3) Model description
To further investigate factors affecting stream temperatures, we developed a physical model that simulate unsteady river flows and accompanied heat transport considering the interaction with bottom sediment and groundwater or hyporheic water flows. Then, we applied this model to the mainstream of the Tama River and compared with our measurement results obtained in Aug. 2012.
Stream temperatures running through urbanized areas are affected by radiation, heat exchange with atmosphere and with riverbed sediments, tributary inflow, and wastewater inputs. Existing models consider these processes to some extents. For example, the QUAL2K model can simulate temperature variations in the stream, but the flow is assumed steady, and the groundwater-surface water interaction is not considered 6) . A lot of attention has been given to the heat transport in the sediment, to understand the groundwater-surface water interaction, and a advection-dispersion equation is typically employed to model this process. However, few study covers all of these processes, thus, we developed a 1-D dynamic model for river flow and heat transport interacted with the sediment through heat advection and dispersion processes in addition to anthropogenic heat input by wastewater effluents.
For simulating river flow velocity and depth, the continuity equation (Eq. (7)) are used with the Saint-Venant equation (Eq.(8)). 
Manning's roughness coefficient, R: hydraulic radius, x: longitudinal distance and t: time. The sinuosity effect of the stream was neglected. In a well-mixed stream, heat transport processes can be expressed in the form of advection-diffusion equation.
where T: water temperature, η: heat flux correction factor (=1.1), D L : longitudinal dispersion coefficient, 7) . The albedo of riverbed (al bed ) and water surface (al wat ) are derived from the field observation as 0.27 and 0.04, respectively. Water absorption ratio (b wat ) was given by Eq.(12), with the parameters set utilizing our field measurement data and referring to the paper by Kobatake et al. 8) .
(12) Sensible and latent heat fluxes were determined by applying the Monin-Obukhov similarity theory to the surface layer above the river, giving the air temperature, relative humidity and wind velocity measured over the water surface in the stream.
Heat exchange between the stream and sediment was modeled by the advection-dispersion equation.
where T w : temperature of water in the sediment pore (equals to the sediment temperature at the same location), C s : heat capacity of sediment, : porosity, z: vertical distance from the riverbed surface (positive downward), λ eff : effective thermal conductivity including combined effects of thermal dispersion of hyporheic water and conduction in the bulk sediment, q: the water flux into the ground. λ eff is formulated by Eq.(14) neglecting the dispersion in the direction perpendicular to z 9) .
where β L : longitudinal dispersivity, λ 0 : bulk sediment thermal conductivity. If there is no interaction between stream water and hyporheic water, the effect of dispersion disappears. The heat balance on the riverbed surface is written by Eq.(15). This is valid for both groundwater recharge and outflow conditions. 
where Sb: incident solar radiation absorbed by the riverbed, G: heat flux into the ground modeled by the Fick's law. Hbed is assumed to be linearly related to the difference of temperature between stream water and the sediment surface with constant K.
(4) Model application
A set of basic equations are applied to the reach
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between Keio and Ishihara gauging station (Fig. 2) . A finite difference method was used to solve these equations numerically with given boundary conditions. Observed flow rate and water level were given at upstream and downstream ends, respectively. Measured stream temperatures at Keio were used as an upstream boundary condition of Eq.(9). Weather conditions measured at the temporal Met. site were used as the atmospheric forcing of the model. Constant sediment temperature (23.5ºC) at 2m-depth was given as the bottom boundary condition of Eq.(13). As available cross-sectional geometry information was relatively old, the cross-section shape was assumed to be rectangular along the mainstream. The width of water surface was directly measured on site using a laser distance meter. The bottom slope was obtained from the map issued by the MLIT local office. Time and space increments for the simulation were fixed to 10 seconds and 100 m, respectively. The space increment for the heat advection-dispersion in the sediment was set to 1cm. Values of main parameters were summarized in Table 1 . The amount of groundwater flow was determined by the calibration. 
RESULTS AND DISCUSSION (1) Observed results
The measured flow rate pattern was shown in Fig. 3 . The abrupt decrease found between Chofu and Nagata was due to the water withdrawals by Ozaku and Hamura Weirs, for drinking and agriculture purposes. Then the stream flow recovered mainly due to addition of tributary inflows and wastewater effluents.
The daily average temperatures at sites along the mainstream for the entire measurement period were displayed in Fig. 4 . It was noted that the averaged stream temperature changes, per unit distance, between Chofu and Nagata and between Nagata and Haijima were 0.43 and 0.73 o C/km, respectively, from which we concluded that the stream water was heated more between Nagata and Haijima, probably due to the lower flow rate. Besides, the temperature was found to decrease between Haijima and Hino.
The meteorological conditions monitored from (2) Water and heat budgets The water and heat budgets analyses for three segments, Nagata-Haijima, Haijima-Hino and Keio-Met., were conducted, using measured water temperature, flow rate and meteorological data. . Results show that between Nagata and Haijima, tributary (Q t and H t ) dominated the stream flow and heat gains, whereas between Haijima and Hino, the largest contributions to water and heat transports were from wastewater effluents. Both in segments Nagata to Haijima, and Haijima to Hino, there exists one weir withdrawing stream water (Fig. 2) , thus, Q other and H other represent the integrated effects of groundwater flow and water intake. The good agreement between H other and H estimate led us to suggest that the groundwater flow and water intake occurred and contributed to water and heat losses. As there is no weir between Keio and Met., the positive values of Q other and H other indicated that the groundwater outflow into stream occurred and contributed to water and heat gains. Since the flow rate difference between Keio and Met. is very small (1.2 m 3 /s), which lay within the range of measurement error, the groundwater recharge was also estimated but it still includes a certain error, which may offset the estimated outflow and result in recharge.
To quantify the contribution of each energy component to the stream temperature, we compared the measured and estimated stream temperatures at downstream site in each segment. The temperature (T o ') was estimated based on the water and heat balances by solely eliminating the flow and heat generated by one factor (Q f , H f ), using equation
The eliminated factor (Q f , H f ) includes wastewater effluents (Q w , H w ), tributary (Q t , H t ), heat fluxes at the air-water and streambed-water interface (H r ), and groundwater (gw) and water withdrawal (ww) (Q other , H other ). 
Fig.6
Water and heat budgets for three segments (notations are the same as described in Eqs. (1) and (2)). 
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site is short (about 1.5 km), the clear difference of observed temperatures between two sites was reasonably simulated by this model, with a root-mean-square error (RMSE) of 0.21 o C between the observed and simulated temperatures at Met. site. This result was obtained by mainly calibrating the longitudinal dispersivity, along with others such as q, K and D L . This result also indicates that the sediment temperatures are always below the stream temperature, which was not possible to obtain with the dispersion process being neglected.
To understand the effects of wastewater and groundwater on controlling the stream temperature, this calibrated model was used to simulate for cases with/without wastewater input and groundwater flow, keeping all other parameters unchanged (Fig.  9) . As groundwater velocity determines the effective thermal conductivity, existence of groundwater flow is the prior controlling factor, compared with WWTP effluents. However, under the condition of no groundwater flow, which means minimum thermal dispersion, effluents from WWTP can greatly mitigate the stream temperature during the daytime. This implies that the river with groundwater-stream water interaction enhance the mixing of heat in the sediment, thus leading to conditions less sensitive to the thermal impact of wastewater effluents. If we assume groundwater outflow (flowing into the stream), stream temperatures are lower than the case of recharge by 1.2°C in the morning and 0.9°C on average. This suggests that groundwater-stream water interaction significantly affect temperature regime throughout the day. Fig.9 Simulation results of stream temperature at Ishihara gauging station with five cases of WWTP effluent (WE) and groundwater (GW) flow.
CONCLUSIONS
This study investigated summertime stream temperature regime in the Tama River. The water and heat budgets analysis was conducted using the field measurement data, which indicated that the wastewater effluents contributed to mitigate stream temperature at Hino. Besides, the effects of other factors on stream temperatures were also quantified.
We applied a 1-D water flow and heat transport model taking the groundwater-stream water interaction process and wastewater effluents into accounts. We concluded that current stream temperature regime in the Tama River downstream reaches is maintained by the heat dispersion in the sediment and also the effluents of treated wastewater which has lower temperature ranges.
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